SASEYA VAN m,.ZOﬂHuH.G.m.m AND ILEKA HANSKI
From “Muldiscoplic /evel sdenact s
T. Tscharatke+ R, 8 Hawluns &3

Combridge  Unwessy  Press, Reo2

Multitrophicinteractions in space:
metacommunity dynamics in fragmented
landscapes

Introduction

The distribution and abundance of consumers are necessarily limited by
the distribution and abundance of their resources. With the exception of
obligate muiualisms, a species at a higher trophic level in a food chain
will occupy a subset of the locations occupied by species at lower trophic
levels (T1olt, 1995, 1997). In order to persist, species at higher trophiclevels
must be able to colonize, at a sufficiently high rate, sites occupied by pop-
ulations of the lower trophic level species. The interaction may be spa-
tially dynamic in both directions because species at any trophic level may
influence the dynamics of one another. Once the interacting species occur
as local populations in a shared habitat patch, phenomena traditionally
addressed by studies of multitrophic interaction take place. Thus for
species living in fragmented landscapes it is critical to keep in mind both
processes occurring at large spatial scales and those occurring within a
single habitat patch or local population. This chapter is about the inter-
play between spatial dynamics and multitrophic level interactions.
Species involved in a trophic interaction, such as the interaction
between a predator and its prey, are influenced directly and indirectly by
the trophic levels above and below them. The indirect effect of a non-
adjacentrophiclevel can be either positive or negative. For example, her-
bivorous hosts may be concealed from (Weis and Abrahamson, 198s;
Hawkins et al., 1990) or Gmuo,.mmm o ﬁ.&nm et al., 1980; Walde, 19953;
Turlings et al., 1995, chapter 7, this volume; Thaler, 1999) a foraging para-
sitoid by attributes of their food plant. Similarly, actributes of a herbivore
and/or its food plant may protect a parasitoid from hyperparasitism (Weis
and Abrahamson, 1985; M@ﬂmh and Braman, 108g) or alternatively,
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increase susceptibilicy of a parasitoid to hyperparasitism (Singh and
Srivastava, 1988; van Baarlen et @l., 1996; Sullivan and V6ll, 1995). Within
communities, the indirect effects of the lower and upper trophic levels
can either increase or decrease the stability of populations, by moderating
the use of a potentially limiting resource or by facilitating the consump-
tion of the resource until it has gone locally extinct.

The primary focus of the study of multitrophic interactions is to
analyze and comprehend the attributes of organismis that influence non-
adjacent trophic levels either directly or indirectly. One such attribute of
an organisin is its spatial distribution (dispersion), both within and
among habitat patches suitable for occupancy. Distribution is generally
viewed as the outcome of many ecological processes, and is influenced by
the many ecological factors traditionally labeled as habitat requirements
and niche., We can also consider distribution as another attribute of an
organism, which potentially affects its trophicinteractions as much as, or
even more than its chemical makeup, sensory perception, phenology,
growth rate, and other such factors. The addition of the sparial structure
of the landscape and spatial pepulation dynamics to the study of muli-

. trophic interactions is becoming an increasingly necessary consideration

with increasing fragmentation of many natural environments.

Expansion of the study of multitrophic interactions to include space
introduces two complementary ecological phenomena. Firstis the extent
to which trophic interactions among individuals taking place at the scale
of local populations (e.g. foraging behavior, prey preference, and density-
dependent behaviors) might affect the dynamics at the regional or meta-
population scale. Second is how large-scale population dynamics, such as
migration among populations and extinction—colonization dynamics,
might affect local muldtrophicinteractions. -

In the following section, we briefly outline the theory of multitrophic
interactions in fragmented landscapes, which is essentially the theory of
metapopulation dynamics (for a review see Hanslki, 1999) extended to
several interacting species. We then discuss selected empirical findings
from the literature that illustrate the range of questions asked by ecolo-
gists, The rest of this chapter is devoted to a more detailed analysis of
multitrophic interactions in a community of two host plant species, one
herbivorous insect, two primary parasitoids and two hyperparasitoids,
which occurs in a highly fragmented landscape and which we and others
have studied over the past several years as an example of a small metacom-
munity. . .
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Brief overview of theory

A merapopulation is an assemblage of locally breeding conspecific popu-
lations that are connected via migration (Hanski and Gilpin, 1997). The
viability of a classical merapopulation, with no extinction-resistant
“mainland” populations {Harrison, 1591), depends on the rates of local
extinction and colonization, and on the degree of asynchrony in local
popularion dynamics (Hanski, 1998). Interacring species, each with their
own spatial population structure, may persist as single populations,
patchy populations, or as metapopulations (Harrison and Taylor, 1997} in
the same fragmented landscape, primarily depending on the scale of

migration and hence the degree of mixing of neighboring populations.”

For example, a single patchy plant population might support a herbivore
metapopulation, which might support a relatively continuous parasitoid
population (2 mobile species), which in turn might support a hyperparas-
itoid metapopulation (a more sedentary species). The stability of the

" entire system would clearly depend on the spatial population structures

of each species (Taylor, 1988, 1991).

The natural theoretical framework to consider the spatial dimension
of multitrophic interactions is to expand single-species metapopulation
models to several interacting species. Robert Holt {1995, 1997) in particu-
lar has developed such a theory with simple parch occupancy models,
extending the previously studied two-species competition (Levins and
Culver, 1971; Slatkin, 1974; Hanski, 1983, 1999; Nee and May, 1992; Nee et
al,, 1997) and predator—prey models (Taylor, 1991; May, 1994; Harrison and
Taylor, 1997; Nee et al., 1997; Hassell, 2000} to three or more species. The
key assumptions made by Holt (1997) are that the food chain in a partica-
lar habitat patch is built up via sequential colonization, and that the
extinction of a prey population automatically leads to the extinction of
the predator population (and, narurally, any species at even higher
trophic levels). The most noteworthy simplification of the models is the
presence—absence description of local populations, common to all patch
occupancy models (Hanski, 1999). Structured models, involving a
description of local dynamics as well as of metapopulation dynamics,
have been constructed and analyzed for two species at most (e.g., Reeve,
1988; Hassell ez al, 1991; Rohani ezal., 1996).

Abasic conclusion emerging from the models is that metapopulation
dynamics can constrain the length of %mﬁwﬁﬂ food chains in fragmented
landscapes, thatis, species locared at higher trophiclevels maynot be able
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to persist in a landscape where the species at lower trophic levels are spe-
cialized to an uncommon habitat or have a restricted distribution for
other reasons. In certain situations, alternative stable states may occur,
such that an intermediate predator can only occur in the presence of the
top predator (Holt, quv. .

In heterogeneous fragmented landscapes, with more than one kind of
habitat patch present, species may persist either by being specialists on
one patch type with low extinction and/or high colonization rate, or by
being generalists and thereby having access to a larger number of habitat
patches, which by itself facilitares colonization. Different species in a
multitrophic interaction may exhibit different degrees of specialization.
For instance, a predator may use two alternative prey species each special-
izing in a different habitat type, and thereby the predator population
generates an indirect interaction between the prey species in a mosaic of
the two types of habitat (Folt, 1997}, It is clear that the complexities that
one may build up with such considerations for multitrophic interactions
are considerable — not only do we have a web of interspecific interactions
bur the structure of that web may be critically modified by the web of

. spatial interactions among the species.

Empirical studies of habitat fragmentation and
multitrophicinteractions

There have been very few if any studies in which the classical metapopula-
tion processes have been shown clearly to mediate the regional coexis-
tence of interacting species (the most convincing example is Holyoak and
Lawler, 1996; for a review see Harrison and Taylor, 1997). This is likely
because few studies of multitrophic level interactions are conducted ata
large spatial scale over many generations, and because a great deal has to
be understood about the habitat and the biology of each species in order
to draw conclusions about the relative contributions of large-scale and
small-scale factors to the stability of populations of interacting species. In
spite of the complexity inherent in simultaneously addressing individual
(local) interaction, space, and time, a handful of empirical studies of
multitrophic interactions have explicitly considered the large-scale
spatial distribution of interacting species {(Hopper, 1984; Kareiva, 1987;
Roland, 1993; Walde, 1995b; Holyoak and Lawler, 1996; Roland and Taylor,
1997; Tscharntke et al., 1098; Lei and Camara, 1999; Komonen é&f al, 2000;
Kruess and Tscharntke, 2000). These studies compare the potentially
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critical role of spatial scale, habitat fragmentation, and species’ dispersal
behavior among species at different trophic(levels, or among different
species at the same trophic levels. I

Several recent studies compare the relativ, umEm.mnn of habitat fragmen-
tation for herbivorous insecrs (or other _S_jn trophic levels) and their
narural enemies (Roland and Taylor, 1995; Jones et al., 1996; Lei and
Hanski, 1997; Roland, 1098; Tscharntke et al,, 1998; Komonen ¢t al., 2000;
Kruess and Tscharntke, 2000; case study, this chapter). These studies pri-
marily show, in agreement with theoretical expectation (Holt, 1997), that
species at higher trophic levels suffer more than species at lower trophic
levels from a decrease in habitat patch size and dn increase in patch isola-
tion, the two primary consequences of habitar fragmentation, This is not
surprising because in a dynamic system species at each trophic level can
only oceur in a subset of the locations in which their host is found, so a
fragmented habitat is ever more fragmented at higher trophic levels.

The effect of fragmentation naturally depends on the spatial scale rela-
tive to the migration range of each species. Entire insect communities
associated with unpredictable host plants may be well adapted to frag-
mented landscapes. Dubbertez al. (1998) studied the effect of habitat patch
size, host plant density, and isolation from occupied habitat patches on
the colonization of the grass Calamagrostis epigeios by a community of
stem-boring herbivores and their parasitoids. The researchers mowed
patches of suitable habitat ar several distances from source populations to
eliminate the insects, and the regrowth of the grass led to very different
shoot densities. After one year there was no effect of isolation or area on
colonization, rather the presence of herbivores in a habitat wm..ﬁn_u was best
predicted by local host plant density. Dubbert ef al. {1998) conclude that
the herbivores are adapted to habitat patchiness at the scale of their study
(the most isolated habitat patches were 150 m from the source popula-
tions), because of the great intrinsic unpredictability in the occurrence of
the grass. On the other hand, parasitoids were more likely to colonize less
isolated patches, and hence may be considered as less well adapted to the
ephemeral occurrence of their host than are the herbivores. It is also
important to remember that a parasitoid cannot succésstully colonize a
habitar parch until 2 host populationihas been established, hence it is
potentially misleading to compare the dispersal abilities of a parasitoid
and ahostoverashort time interval:

The other focus of recent studies has been on the comparison of the
effect of habitat fragmentation on different species at the same trophic
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level (such as Jones et al., 1996; Roland and Taylor, 1997; Roland, 1998; case
study, this chapter). Roland and Taylor (1997) compared the impact of
aspen forest fragmentation on the rate of parasitism by four parasitoids of
the forest tent caterpillar (Malacosoma disstrin). Porest structure {level of
fragmentation), host population size and the rate of parasitism by each
parasitoid was measured at 127 points withina 25X 25 km?area,and ona
smaller scale at 109 points within a 0.8 X 0.8km? area. The rate of parasit-
ism by three larger species of parasitoid increased with host density and
decreased with the degree of fragmentarion. Interestingly, the larger-
bodied parasitoid species were influenced by fragmentation at the larger
spatial scale. The rate of parasitism by the smallest parasitoid increased
with decreasing host density and increasing fragmentation. Roland and
Taylor (1997) suggest that dense forest probably acts as a dispersal barrier
for the small parasitoid but not for the larger parasitoids.
Notsurprisingly studies of trophic interactions which include habitat
fragmentation generally focus on dispersal behavior. Attributes of
species other than dispersal behavior do contribute to their persistence
in fragmented landscapes, though for the most part these other attrib-
utes are important because they are related fo dispersal. For example,

- within a community of interacting species generalists may be less influ-

enced by habitat fragmentation than specialists if the former are able to
use host species living in alternative habitats, reducing the requirement
for dispersal to survive (for brief reviews see Harrison and Taylor, 1997;
Holt, 1997; for examples see Schoener and Spiller, 19873, b; Walde, 1994;
casc study, this chapter). Species with high growth rate or short genera-
tion times have more opportunity for dispersal than species that produce
few offspring, Species that can reproduce parthenogenetically or are
adapted to inbreeding may be less penalized by habitat fragmentation
than species lacking these attributes (Godfray, 1994; Hedrick and Gilpin,
1997; Saccheri et al., 1998; Fauvergue et al., 1999; West and Rivero, 2000).
The size of a habitat patch can influence many aspects of individual

behavior, such as territoriality, with consequences to the response of the

specics to fragmentation. In a fragmented landscape, habitat patches
also differ in ways other than their size and connectivity. These other
measures of landscape structure, such as landscape type and complexity,
have been shown to influence the relative success of herbivores and their
natural enemies, in part through their influence on local interactions
(Marino and Landis, 1996; Polis ez al., 1908; Tscharntke et al., 1908; Ohsaki

and Sato, 1099).
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The Glanville fricillary butterfly case _wnﬂm%

To illnstrate the role of space, habitar fragmentation, and metapopula-
tion dynamics in multitrophic interactions we use results from an exten-
sive research project on the Glanville fritillary butterfly (Melitaea cinxia)
and its food plants, parasitoids, and hyperparasitoids conducted in the
Aland Tslands in southwest Finland (Fig. 6.4; for a review see Hanski,
1999). This system is appropriate for the present purpose as it is relatively
simple, consisting of just a few species with well-studied local interac-
tions; and because the spatial scale is large (50X 70 km) and much is
known about the spatial dynamics of the species over several years.

Natural history
The Glanville fritillary butterfly uses two host plant species in the Aland
Islands, Plantago lanceolata (L.) (Plantaginaceae) and Veronica spicata (L.)
(Scrophulariaceae) (Kuussaari et al., 1995). The plants are patchily distrib-

uted over the 5o X 70 km area in which the butterfly is found. Plontage lan- |

ceolatn is common in open areas thronghout the Aland Islands, but is
suitable as a host to the butterfly only in open dry meadows. Veronica
spicate is found primarily in the western third of the region, almost exclu-
sively in the dry rocky habitats appropriate for the butterfly. Both plants
are perennial and reproduce both vegeratively and from seed (Muenscher,
1955), though P lanceolata grows more often from seed than V. spicatn
{Rusch and van der Maarel, 1992).

Local populations of the butterfly occur in dry meadows where the
host plants frequently suffer from summer drought (Rosén, 199s;
Kuussaari, 1998) and in many cases from successional replacement by
other plant species {see Rusch, 1988 for Oland, a somewhat comparable
island in the Baltic). Larvae can completely defoliate plants, and in some
dense butterfly populations the leaves of all the suitable plants are con-
sumed as the gregarious larvae move from plant to plant in the spring
(Fanski and Kuussaari, 1995; S. van Nouhuys, personal observation).
However, both P. lnnceolata and V. spicata Ewm perennial and regenerate well
during the same season and in the following year. Individual plants are
not often killed by M. cinxialarvae, but defoliated plants may produce few
or no seeds, and their stored resources are probably depleted, hence it is
quite possible that in the course of time herbivory by M. cinxia may influ-
ence the local abundances of their hosts. There is a spatially and tempo-
rally dynamic interaction between the herbivore and its food plants at all
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Fig. 6.1, Schematic diagram of the species ateach trophiclevel,

spatial scales, from individual plants to the entire Aland Islands, influ-
enced by the distribution of the two host plant species, spatial variation in
genetically based aviposition preference of female butterilies, ervaric vari-
ation in plant suitability for larval development, and the influence of
weather (Flanski, 1999; Knussaari et al., 2o000; L. Hanski and M. Singer,
unpublished data; S. van Nouhuys et al., unpublished data ).

Each fall the entire study region is surveyed for M. cinxia populations,
There are some 4000 habitat patches in the study area, of whichh soo0to 500

- are occupied by the butterfly in each year (Kuussaari ez al., 1995; Hanski,

1999). Local populations are small, usually made up of a few groups of
gregarious larvae, but ranging from one to more than 100 larval groups.
Local populations within a cluster of habitat patches (patch networks)
comprise classic metapopulations with a high rate of population turm-
over (Hanski et al., 1995; Hanski, 1997, 1999).

Melitaea cinxia mostly mate once in their natal habirat patch, but sub-
stantial migration also occurs, typically to habitat patches within 1 km
from the natal patch and especially from small populations in poor-
quality habitat (Hanski ef al., 1994; Kuussaari e al,, 1096; mmanAWh 1999).
Females lay egps in clusters of 100 to 200 on the underside of host plant
leaves in late June. The larvae hatch and live gregariously in silken nests

“until their last instar late in the following spring, when they disperse to

pupate in the litter. The laryal development is interrupted by a seven-
month winter diapause. The larvae and their web are visually conspicu-
ous. The host plants contain high concentrations of iridoid glycasides,
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which the larvae sequester (M. Camara, mbwu__ﬂ_u:mrmm data) probably as
proiection against generalist predators (Bowers, 1980,.1983; Camara,
1997). , |

There are two primary larval parasitoids of M. eiawiz in the Aland
Islands, Coresia melitaearum (Wilkinson) (Braconidae: Microgastrinae) and
Hyposoter horticola {Gravenhorst) (Ichneumonidae: Campopleginae) (Lei et
al, 1997). These wasps compete for hosts {Lei and Hanski 1998, van
Nouhuys and Tay, 2001), and they kill a significant fraction of the butier-
fly Iarvae (Lei ez ol., 1997; Lei and Hanski, 1998). The iwo parasitoids differ

_ greatly in their morphology, phenology, behaviour and distribution (Lei

et al., 1997; Lei and Hanski, 1998; 8. van Nouhuys, unpublished data). We
use these two parasitoids, both of which are involved in a strong interac-
tion with the hostand their specific hyperparasitoids, to compare the role
of space and habitat fragmentation for species at the same trophic level,
bur with dissimilar multitrophic interactions, spatial population struc-

tures, and population dynamics (Table 6.1).

Each primary parasitoid has an important mnnonn._mﬁw parasiroid or
hyperparasitoid (Fig. 6.1). Hyposoter horiicoln is parasitized by the mobile
solitary larval hyperparasitoid Mesochorous sp. cf. stigmaticus (Brischke)
{Ichneumonidae: Mesochorinag). In contrast, Cotesin melitaearim is com-
monly parasitized by several solitary wingless generalist cocoon parasi-
toids in the genus Gelis, primarily Gelis agilis (Fabricius) (Ichneumonidae:
Cryptinae) (Table 6.1). While using C. melitaearum cocoons Gelis are strictly
speaking pseudohyperparasitoids, becanse they lay eggs on the immature
parasitoids after they have left the host and made a cocoon (we nonethe-
less refer to them as hyperparasitoids). In addition to.the two primary
parasitoids and their two hyperparasitoids, there are four generalist
pupal parasitoids of M. cinxia about which lirtle isknown apart from their
names (Lei ef al., 1997).

Multitrophic interactions between the plants, the

herbivore, and the primary parasitoids

Spatial variation of host plant mnwﬁmmm
Plantago lanceolata and V. spicata synthesize and maintain high concentra-
tions of iridoid glycosides which m_novm_“uq deter generalist herbivores and
their Wammmﬁonm Gwoémﬂm» 1991; mnmuﬁuuw 1992; Stamp and Bowers, 1096;
Camara, 1997), but may attract mwmnwm_ﬁmmﬁ (Bowers, 1983; Oyeyele and
Zalucki, 1990} such as M. cinxin and its specialist parasitoids. In the Aland
Islands the concentrarions of aucubin m_,bm. catalpal, the two main iridoid

Table 6.1.

Dispersal behavior

Metapopulation siructure®

Specificity

Generations

Species

Regional distribution

Hyperparasitoids

No

TUbiquitous

Wide

Walk, aggregate
Strong flier

Generalist

Specialist?

Several per year
One per year

G, agilis
M. stigmaticus

Noz

Parasitoids

 C.nelitaearym

H. horiicola

Yes:

Narrow
Wide

Specialist Weak flier

. Specialist

Three per year
One per year

Ne

Strong flier

Herbivore
M. cinxin

Yes

Wide

Intermediate flier

Specialist

One per yeat

Plants

E. lanceslatn

Wide No

Seed
Seed.

“Widespread

Perennial

Yes?

Intermediate

Perennial More testricted

V. spicata

© Notes:

# “Metapopulation structure” means that the spatial accurrence of the species is strongly influenced by the connectivity of habitat pacches.
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glycosides, vary greatly between plant individhals, and are on average
higher inP. lanceolava than in V. spicain (M. Nieminen and J. Suomi, unpub-
lished data). This variation may contribute to the observed spatial varia-
tion in host plant use by the butterfly. Preliminary results indicate that
the concentration of ancubin is higherin those m lanceolata individuals on
which females have oviposited in comparison with plants on which females
have not oviposited (M. Nieminen and J: Suomi, unpublished data).

The non-volarile irideid glycosides produced by P lanceslatn and V.
spicata are sequestered by M. cinvia larvae (M. Camara, unpublished data).
Generally, insect latvae that have sequestered iridoid glycosides are unat-
tractive to some predators and parasitoids but attractive to others
(Montllor ef al., 1991; Stamp, 1992; Theodoratus and Bowers, 1999). Cotesia
meliteearum temales spend a significane amount of time, occasionally even
days, artending the web of a particular M. cinxia larval group. During this
time they touch larvae and groom frequently, but rarely parasitize (Lel
and Camara, 1999). Wasps possibly evaluate larvae based on the iridoid
glycoside concentration in the larval cuticle, though we do not know
whether they would select larvae with high or low levels of iridoid glyco-
sides. While defensive chemicals produced by plants and sequestered by
specialist herbivores are likely to be attractive to specialist parasitoids,
high levels of compounds such as iridoid glycosides can be detrimental to
immature parasitoid development (Campbell and Duffy, 1979; Gauld and
Gaston, 1994; Reitz and Trumble, 1996).

Volatile compounds produced by host plants and herbivore-infested
host plants are widely known to be attractive to parasitoid wasps (Vet and
Dicke, 1992; Turlings et al,, 1995, chapter 7, this volume). Plantago lanceol-
ate and V. spicate produce volatile compounds (Fons ef af., 1998}, but the
behavioral response by herbivores and their natural enemies to these
chemicals has not been studied. The rote ofhost plant in the parasitism of
herbivores is of course not limited to chemical signals. First, the autri-
tional quality or toxicity of a host plant miay affect the physiological resis-
tance of the herbivore to parasitism, or the length of time it is available to
parasitism. Second, the vulnerability of ‘parasitoids to competitors and
their own natural enemies may differ between food plant species. Cotesin
melitaearum compete with H. horticola for host larvae, and in the early
spring cocoons are subject to mN._..HmEm_u«Emr predation and hyperparasit-
ism (Lei and Hanski, 1997, 1998; van N osﬁs%m and Tay, 2001). Tf mortality
of parasitoids due to competition and natural enemies were to differ
between the host plants, or between the habitat patches in which the

AR
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plants are found, the rate of successful parasitism on the two host plants
would also differ. Finally, the small-scale spatial distribution of host
plants is likely to affect parasitoid searching efficiency. Veronica spicata has
a more clumped small-scale occurrence than B lanceolaza, which leads to
aggregation of host larval groups. If the searching ability of C. melitaearnm
is higher when hosts are aggregated, which seems likely, then larval
groups on V. spitata would suffer more parasirism than those on P. lanceol-
ata (van Nouhuys and Hanski, 1999).

Landscape stracture and interaceions with the parasitoid
Cotesia melitaearum

Cotesia melitaearum is a small and rather sedentary species that has two to
three generations per year and gregarious larvae (several parasitoid larvae
per host individual). Cotesia melitaearum is relatively rare both in terms of
population sizes and the number of local populations (Lei and Ianski,
1997; van Zo&usﬁ and 'Tay, zo01). Fach spring all known M. ¢fnxia popu-
lations have been surveyed for C. melitaearum cocoons, but this survey
remains necessarily somewhat superficial. To obtain a more accurate
picture of the occurrence of the parasitoid, each M. cinxia population in all
patch networks that had ever been occupied by C. melitaearum since 1993
was searched thoroughly in 19972000 and in some parts of the study area
also in the previous years (Fig. 6.2). In this material, the fraction of M.
¢inxia populations occupied by C. melitaearum ranged from 9% to 20% and
many populations persisted only for a couple of years.

Large well-connected populations of both the butterfly and the parasi-
toid C. melitaearum persist longer than isolated small populations, and
population persistence of the parasitoid is associated withlarge host pop-
wlation size (Hanski, 1999). Within a habitat patch, theoviposition behav-
jor and between-plant movements of both the host butterfly and
parasitoids are affected by local hast plant diseribution. Host plant
species affect the butterfly metapopulation dynamics because ovipositing
female butterflies have host plant preferences, the plants are not similarly
distributed, and there is regional genetic variation in host plant prefer-
ence (Kuussaari et al, 2000). Additionally, the plants da'not respond
equally to weather conditions, Host plant species affect the metapopula-
tion dynamics of the primary parasitoid C. melitaearum indirectly via the
effects on the herbivore population size and distribution, and directly
because the parasitoids are more successful where the host larvae feedon
V. spicata. Local host populations feeding on V. spicata are more likely to be
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Fig, 6.2. Thelocations of the known populations of the parasitoid Cofesin
melitacarum in the Aland Islands from 1997 to zoo1, Symbols represent
populations that have persisted atleast one to five years, Notice that the more
permanent parasitold populations ocenr in a few clusters. Many of the
popularions that were observed in only one year are likely to be “remnants” of
previously more extensive disiributions {the parasiroid has been relatively
sparse in recent years).

colonized by the parasitoid, and che parasitoid is less lilkely to go extinct,
than in the case of host populations feeding on B lgnceolata (van Nowhuys
and Hanski, 1999).

Based on the above-described empirical results, we may infer that if
the habitat patches were to become substantially more fragmented, C.
melftaearum would not be able to persist in the landscape. Similarly, the
parasitoid would suffer if the host plant species composition used by the
butrerfly were to become more P. Ianceolata dominated. In contrast, if well-
connected habitar patches were to becorne increasingly oceupied by the
butterfly, or if the host plant use became increasingly V. spicata dominated,
local populations of C. melitaearum would persist longer and would more
frequently colonize nearby host womﬁmnoum.

Currently most C. melitaearum Huom.&m_wﬁﬁm in the Aland Islands are so
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small that they are unlikely to have a big effect on host population size or
host population dynamics (van Nouhuys and Hanslki, 1999; van Nowhuys
and Tay, 2001), and most host populations currently not used by the para-
sitoid are unlikely to be quickly colonized because they are out of the
range of dispersal by the parasitoid (S. van Nouhuys and I Hanski,
unpublished data). However, in one network of butterfly populations
intensely studied in 19931996, C. melitueqrum apparently caused a large
decline of many local host populations. In this case the populations of the
host butterfly were tightly clustered and some of the populations were
initially exceptionally large (Lei and Hanski, 1997). Thus, while the para-
sitoid currently persists at a very low level, not measurably affecting the
population dynamics of irs host, the parasitoid could become a more
important player in the host dynamics if the host availability were to
increase, potentially mediated by the distribution of the host food plants.

Landscape structure and interactions with the
parasitoid Hyposoter horifcola

Tn contrast to C. melitaearnm, H. horticola is a large, solitary, mobile and

abundant parasitoid. Several results suggest that isolation of host popu-
lations has little or no effect on the ability of H. harticolz to colonize host
populations. Lei and Hanski (1998) found that in a network of 50 tightly
clustered habitat patches there was a negative effect of isolation (distance
from possible source populations weighted by the sizes of these popula-
tions) on colonization by C. melfnearum, but isolation did not have any
effect on the colonization and occupancy of habitat patches by H. horticola.
In the spring of 1999, we sampled M. cinxia populations for H. horticola
throughout the Aland Islands to measure the effect of isolation over a
larger spatial scale, within the entire 50 X 70 km study area, We sampled
host larvae from 50 populations to cover a range of patch connectivities
and population ages. Ten to 60 (mean 26) larvae were sampled from each
population, taking haphazardly a few larvae from each Iarval group. The
host population was classified as established “old” {n=30) if ithad existed
for more than two years, and niewly colonized “new” (n=17)if ithad been
colonized in the previous summer. We calculated the connectivity of each
host population using the measure (Fanski, 1994),

Pl

Si=2 exp (-adj) Nj .
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The level of connectivity of patch 7 is thus falculated by taking into
account the distances berween the focal patch { and each of the source
patches j (dj), as well as the sizes of the source populations, estimated as
the number of hostlarval groups (N;). AlL M. cinxia populations were con-
sidered to be potential source populations because H. horticola is found
in the majority of host populations and because the complete distribu-
tion of H. horticoln was unknown. For parameter o we used the value of 1
km 1, which is our rough estimate of the migration range of the parasi-
toid. The analysis showed no association between the presence of the
parasitoid and the age of the host population nor its level of connectiv-
ity. We also analyzed whether there was any association between the

fraction of host larvae parasitized and the connectivity and theage of the

population using analysis of variance. On average, 18% of the larvae were
parasitized per sample, and again we found no association between par-
asitism and connectivity (Fig. 6.3) nor between parasitistn and the age of
the host population. These data strongly suggest that H. hortiveln can be
found in isclated and well-connected populations equally often, and
that it does not take the parasitoid long to find newly colonized host
populations.

The local population sizes of H. horticola are relarively large because
20% to 30% of the larvae in each larval group are parasitized (S. van
Nouhuys and I. Hanski, unpublished data). Therefore, H. horticola is
present basically everywhere in large numbers and it shows noevidence
of having a'metapopulation structure in the Aland Islands.

The impact of the first trophic level (host food plant) on H, kerticola is
much weaker than the impact of the first trophic level on C, melitaearum,
as H. horticola is not sensitive to plant distribution. Because of its superior
dispersal ability, H. horticolo would likely persistat about the same level if
the network of habitat patches were to become substantially more frag-
mented. However, below we discuss how competition berween the parasi-
toids and their interaction with the hyperparasitaids malkes this
conclusion more complicated. :

|
Multitrophic interactions between the herbivore, the
parasitoids, and the hyperparasitoids ,
The two abundant hyperparasitoids have very different roles in multi-
trophic interactions (Table 6.1). Gelis agilis (and the other less common
Gelis species) are flightless generalists that agpregate where C. melitacarum
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Fig. 6.3. The association between the fraction of Melftnen cinxialarvae
parasitized by Hyposoter horticola in a sample and the connectivity of the habitat
patch from which the sample was collected. The fraction of larvae parasitized
in samples from isolated populations (low value of connectivity) was not
significantly different froni the fraction of larvae parasitized in samples from
well-connected populations.

density is high and can even cause local extinction of C. melitaedrim popu-
lations, which affects large-scale population dynamics of the host (Leiand
Hanski, 1997; van Nouhuys and Hanski, 2000; van Nouhuys and Tay,
zoo1). Unlike the primary parasitoids, G. agilis females are probably not
attracted to particular host plant species and they are extreme generalists,
using many families of Hymenoptera as well as Lepidoptera, Coleoptera,
and even spider egg cases as hosts (Schwarz and Shaw, 1995). In addition,
C. melitaearum cocoons are not found in particularly close association with
the host plants of their host insect. The population dynamics of Gelis agilis
are likely to be largely disconnected from the dynamics of the primary
parasitoid, the butterfly, and the host food plants, even though G. agilis is
wingless and disperses on foot.

In contrast to G. agilis, the hyperparasitoid Mesochorus sp. cf. stigmaticus
probably uses only the host parasitoid H. korsicola in the Aland Islands (Lei
et al., 1997). Mesochorus stigmaticus is a true solitary hyperparasitoid thatlays
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eggs into the larvae of H. horticola within the rmn larva on the host food
plant. Mesochorus stigmaticus may respond to n_u% same host plant cues and is
subject to the same herbivore defences as H. hoyticola. Mesochorus stigmaticus
isa strong flier, and has been found in most hast populations in the Aland
Tslands where it has been sampled (5. van Nouhuys and I Hanski, unpub-
lished data). The sample of host caterpillars from 50 burterfly populations
used to analyze the dispersal ability of H. horticola(above) also illustrates the
dispersal ability of M. stigmaticus. Thirty-seven of the 50 host caterpillar
samples contained H. horricols, and of them, 23 contained the hyperparasi-
toid M. stigmaticus. In these 23 parasitized populations, the mean fraction. of
H. horticola hyperparasitized by M. stigmaticus was 38%. Logistic regression
and analysis of variance showed no association between the presence of or
the fraction of H. horticela hyperparasitized by M. stigmaticus and the level of
population connectivity nor the age of the butterfly host population. The
sample sizes are small, but these data suggest that M. stigmaticits is not
limited by dispersal ability in the Aland Tslands, .

At the largest spatial scale, among the different islands in the Aland
archipelago, isolarion makes a difference. Thus the large island of
Kumlinge (c. 100 km?) east of the main Aland Islands (¢. 30 km isolation,
mostly by sea) has a relatively small metapopulation of Melitaen cinxia,
with some tens of small populations in the past eight years. Of the parasi-
toids, only H. horticola occurs on this island, whereas C. melitaeqrim and
the hyperparasitoid Mesochorus stigmaticus are absent (M. Nieminen, per-
sonal communication), ‘

Because H. horticola parasitizes a large but relatively constant fraction
of Melitaea cinxia larvae, its main effect on M. einxig is to make the local
population sizes smaller and more prone to extinction than in the
absence of the parasitoid. On the other hand, if H. horticola were absent,
the butterfly populations would be more vulnerable to parasitism by C.
melitaearum. The hyperparasitoid Mesochorus stigmaticus appears to reduce
the numbers of H. horticola relatively uniformly over the whole region in
the same way as H. kortitola reduces the population size of the herbivore.

Competition between the primary parasitoids
In order for two parasitoids to share a single host species there must be
mechanisms for partitioning the resoyrce or some other specific mecha-
nism of coexistence. Hyposoter horticola disperses among host populations
much more readily than C. melitaearum,) and hence the majority of H. horti-
cola are in host populations unoccupied by C. melitaearum. In contrast,

Muliitrophic interactions in space

both primary parasitoids are present in the 10%-20% of the butterfly pop-
ulations occupied by C. melitaearum. Because C, melitaeariun populations
are most persistent in well-connected large host populations, and espe-
ciallywhere V. spicain is the dominant host plant species, it is mostly under
these conditions that direct competition between the two primary parasi-
toids of Melitaen cinxia is likely to occuu.

Lei and Hanski (1998) showed that C. melitaeqrum is a superior compet-
itor within host populations. They found that when both parasitoids
wete present in a local population, the fraction of larvae parasitized by H.
horticola in a larval group also occupied by C. melitaearum was low, 18% on
average, whereas when H. horticola was the only parasitoid in a larval
group, the mean fraction of larvae parasitized was 33%. In addition,
within a habitat patch the larval groups parasitized by C. melitaearum are
less isolated from each other than the larval groups without C. melit-
aeqrum. On the other hand, the competitive interaction between the two
parasitoids is complex because there are three generations of C. melit-

“aearum during each generation of H. horticoln. Consequently, immature

parasitoids may meet within host larvae under three different competi-
tive conditions. In a laboratory experiment van Nouhuys and Tay (2001
found that when the third generation of C. melitaeqrum parasitize host
larvae already occupied by H. horticols, the latter suppress the develop-
ment of C. melitaearum larvae, Therefore, though C. melitoearum hds
proven to be the superior competitor at the population level (Lei and
Hanski, 1998), it is the inferior competitor in one of its three generations
during each H. horticola {and host) generation.

Conclusions

In the introduction, we posed the questions to what extent local multi-
trophic interactions in a fragmented landscape are influenced by regional
spatial processes, and to whar extent the large-scale spatial processes are
influenced by the outcome of local interactions. In a metacommunity
with high turnover of local populations, as exemplified by the M. cinxin
metapopulations and the associated host plants, parasitoids, and hyper-
parasitoids, the answer to the first question is conclusively affirmative.
Not all species are present in every habitat patch, and the interactions
among the species that are present are greatly affected by the absence of
the remaining species, This is most obvious in the case of the host plant
that is not regionally preferred by the ovipositing butterflies (heavily
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used only if the preferred host plant is absent), and in the case of the com-
peting primary parasitoids.

The answer to the second question — A&.ﬁ?mn local processes influence
regional dynamics —is less obvious but also affirmative. There is evidence
showing that the “match” between.the ovipgsition preference of migrat-
ing butrerflies and the host plant composition in the empty habitat patch
influences the rate of successful establishment of new populations (I.
Hanski and M. Singer, unpublished data}, and we have shown how the
extinction and colonization rate of the primary parisitoid C. meliznearum
is influenced by the food plant species of the host insect population (van
Nouhuys and Hanski, 1999). It is thus clear that a comprehensive under-
standing of multitrophic interactions in fragmented landscapes remains
incomplete unless the spatial dimension is explicitly considered.

Turning to the theoretical predictions about multitrophic interac-
tions in space, it is evident that the lenggh of the food chain is limited by
metapopulation dynamics. We observed that on the island of Kumlinge
with a relatively small butterfly metapopulation consisting of some tens
of small local popularions, of the parasitoids only H. hortitela is present,
whereas its competitor, C. nzelitaeaiim, and its hyperparasitoid, Mesochorus
stigmaticus, are absent. This pattern is consistent with the theoretical
expectations becanse H. horticols is the better disperser of the twa primary
parasitoids, and the fourth trophic level (the hyperparasitoid M. stigmati-
cus ) is expected to drop out first from the metacommunity in a small
patch network. It may also be significant that of the host plant species
only P lancenlata occurs in Kumlinge, on which the parasitoid C. melit-
aearim does less well than on V. spicaita.

A recent study by Komonen e 4l. (zo00) has strikingly Emmﬁmﬁmm how
habitat fragmentation is likely to truncate food chains in a different eco-
logical serting. Komonen ef al. (2000)-studied the insect community
inhabiting the bracket fungus Fomitopsis rosea in continuous and frag-
mented old-growth forests in Finland. The numerically dominant food
chain consisted of the fungus, the tineid moth Agnathosia mendicelia, and
the tachinid pavasitoid Elfis cingulatg. The median number of trophic
levels decreased from three in areas of continuous old-growth to one in
10-ha fragments of old-growth that vm& been isolated for longer than

12-32 years. Such truncation of food chains as a consequence of habitat
fragmentation is probably a common occurrence, because species in
many metacommunities are not adapted to fragmented or unstable habi-
tats. The mechanisms that lead to the shortening of food chains in newly

Multitrophic interactions in space

fragmented habirats involve spatial processes, especially processes limit-

_ ing dispersal and colonization, but also the traditional multitrophiclevel

interactions.
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